Abstract. Scattering of coherent light by an evaporating droplet of pure water several micrometres in size was investigated. The droplet was levitated in an electrodynamic trap placed in a small climatic chamber. The evolution of droplet radius and the evolution dynamics was investigated by means of analysing the scattering patterns with the aid of Mie theory. A numerical model of droplet evolution, incorporating the kinetic effects near the droplet surface was constructed. Application of this model to the experimental data allowed us to determine the mass and thermal accommodation coefficients to be α C = 0.12 ± 0.02 and α T = 0.65 ± 0.09 respectively. This model enabled us to determine with high precision the temperature evolution of the droplet and the relative humidity in the droplet vicinity.
Introduction
The processes of evaporation and condensation are at the very heart of many fields of science. Cloud and aerosol microphysics together with construction of climate models [1] , electrospraying and combustion are just some areas of relevance. Such processes are typically modelled with diffusion type mass and heat transport equations. In many cases the evolution of droplets of size comparable to the mean free path of surrounding gas molecules must be considered. This in turn requires accounting for the kinetic effects. It is then necessary to supplement the diffusion coefficient with a so called evaporation (condensation) or mass accommodation coefficient α C . Likewise the thermal conductivity coefficient is supplemented with a thermal accommodation coefficient α T . These coefficients describe the transport properties of the liquid-gas interface. The mass accommodation coefficient can be perceived as the probability Accepted in J. Phys. D: Appl. Phys, 38 1978 Phys, 38 -1983 Phys, 38 (2005 , doi:10.1088/0022-3727/38/12/018. that a molecule (e.g. water) impinging on the interface from the gaseous phase side enters into the bulk liquid phase and does not rebound. Analogically, the thermal accommodation coefficient determines the probability that a molecule impinging on the interface attains thermal equilibrium with the medium on the opposite side. The coefficients of transport in opposite directions are considered to be equal [2] . Both coefficients are phenomenological and should describe only the properties of the very interface. All other processes influencing mass and heat transport, such as chemistry of the interface or the electrostatic interactions should be accounted for separately [3] . It is agreed, however, that α C and α T might possibly exhibit some temperature dependence [2] .
Many attempts to determine the values of α C and α T for water have been made over nearly a century, but the results obtained by different authors were rather ambiguous. Values ranging from 0.01 to 1 for α C and from 0.5 to 1 for α T have been reported [2, 4, 5, 6, 7, 8, 9, 10, 11, 12] . Some authors differentiated between a new and an aged water surface, which indicates difficulties in extracting pure coefficients and accounting for various processes involved. Determining α C and α T simultaneously also seems to have presented some difficulty [11] .
In this paper we present a method for determining α C and α T simultaneously as well as the first results of applying it to pure water. The method is based on the analysis of evaporation of a microdroplet of water in a humid environment. The size of the droplet as the function of time was determined by analysing the Mie scattering patterns with the aid of a precise, Mie theory based, procedure.
Experiment
The experimental setup is presented in figure 1 and consists of an electrodynamic quadrupole trap [13] kept in a small climatic chamber. Detailed description of this apparatus can be found in [14] and of further modifications in [15, 16] .
Temperature in the upper and in the lower part of the chamber was measured (T-type thermocouple, TT-T-40-SLE, Omega) and controlled separately. Such setup enabled us to eliminate vertical temperature gradients. Horizontal gradients were found to be negligible. There were also two relative humidity sensors (HIH3610-2, Honeywell): above and below the trap.
Before each experiment, the chamber was flushed with dry gaseous nitrogen, obtained from above liquid nitrogen, in order to remove liquid water that accumulates in the chamber during experiments due to condensation and stray injection. Next, a filtered humid air (obtained by bubbling through distilled water) was passed through the chamber from the bottom to the top port. When the required humidity and a satisfactory humidity gradient were reached, the flow was stopped to enable uninfluenced trapping. Between the instants of trapping the chamber was flushed with humid air to maintain required humidity conditions. 
Thermodynamic conditions and sample preparation
The thermodynamic conditions of experiments presented in this paper were: atmospheric pressure 1006 hPa (public meteorological data), climatic chamber temperature -we worked at 2 slightly different temperatures -286.3 ± 0.5 K and 286.9±0.5 K, vertical temperature gradient between the sensors below 0.3 K and average sensor measured relative humidity of 88, 89 and 90%. Ultra pure water was produced locally (Milli-Q Plus, Millipore). A sterile plastic syringe, additionally washed with ultra pure water, was used for transferring it into the droplet injector within 10 minutes, and the experiment was conducted within 1 hour after (ultra) purification.
The initial parameters of the ultra pure water we used, guaranteed by the equipment manufacturer, were: resistivity ∼ 18 MΩcm, total dissolved solids < 20 ppb, total organic carbon (TOC) ≤ 10 ppb, no suspended particles larger than 0.22 µm, microorganisms ≤ 1 cfu/ml (colony forming unit per ml), silicates < 0.1 ppb and heavy metals ≤ 1 ppb. Since the influence of even small amounts of surface active agents upon the experimental results might be disproportionately large, we tried to estimate it in our case. On assuming that all TOC comes from surfactants and that it is all concentrated in ∼1 nm layer on the surface of the droplet, we still arrive at ∼30 ppm of surfactant in this layer for a droplet of 8 µm radius (average initial radius in our experiment -see section 4). If we assume that the mass of the surfactant molecule is equal to (only) 10 masses of the water molecule, than there are ∼ 3×10 5 water molecules per one surfactant molecule. During the evaporation droplet radius diminishes, on average, by a factor of 5, so concentration of surfactant grows by a factor of 25 (we assume that the thickness of the surface layer does not change). This yields ∼ 10 4 water molecules per surfactant molecule for freshly purified water. Thus, the influence of surface active agents upon evaporation rate at this stage is not expected to be of importance. We were not able to determine how the water during the transfer and the experiment was picking up contaminants of non-ionic kind. However we carefully measured the changes of resistivity of ultra pure water loaded into the injector (made of Pyrex glass and Plexiglass) and were able to estimate how this water sample was picking up contaminants of ionic kind. We found out that during the first hour the concentration of such impurities grew by a factor of 3, which together with ∼ 125 times increase of (volume) concentration during droplet evaporation, still by itself has undetectable influence upon the evolution of the droplet (see the rightmost hand term of equation 2). If we assume, by similarity, that the concentration of surfactants grows by a factor of 3 over the same time interval, we obtain ∼ 3 × 10 3 water molecules per surfactant molecule (0.003 surfactant mass concentration) at the end of the evolution of the droplet, which still seems reasonable. We observed that in about 10 hour time the total concentration of all dissolved substances was becoming large enough to stop the evaporation of the droplet. At the current stage we can not point to a specific agent responsible for this. According to our resistivity measurements there would then be ∼ 45 ppb of impurities of ionic kind. The influence of the city atmosphere, containing such gases as CO 2 or SO 2 , upon the levitating droplet should also be kept in mind.
Determination of evolution of droplet radius
The upper and lower halves of the scatterogram recorded during the experiment present the scattered light intensity I for p (vertical) and ps (depolarisation) polarisations respectively, as a function of azimuth angle θ in the observation plane and elevation angle φ (see e.g. [17] ). The observation in the ps configuration enabled us to detect solid impurities acquired by the droplet and reject the affected data. Three example scatterograms are presented in figure 1 . The scatterogram was averaged vertically yielding the I(θ) function which was further smoothed with an FFT filter. We then fitted the experimental I(θ) with the theoretical I T (θ) dependence generated with Mie formulae, for all video frames, and found the evolution of the droplet radius a(t) (see: figure 3 ). The fitting was performed with a gradientless library method, where the smallest value of the functional
is sought. θ 1 and θ 2 determine the effective field of view and β is the angle of displacement accounting for side movements of the droplet in the trap. Application of this method to our experimental data allowed us to find a(t) with ±25 nm (i.e. ≤ 1%) precision.
Model

Evaporation of a droplet
Many authors have discussed droplet evaporation, by also taking kinetic effects into account (see e.g.: [2, 10, 18, 19] ). The model we utilised was a slightly rephrased version of that presented in [2] with kinetic and surface tension effects emphasised. We also incorporated the effect of droplet charge and of soluble contaminants (compare e.g.: [20, 21] ). The steady state evaporation of a charged droplet is governed by mass and heat transport equations:
where a, a 0 , T a and Q are the droplet radius, initial radius, temperature and charge respectively; T R and S are the temperature and relative humidity far from the droplet (the reservoir volume is more than 10 64 times larger than that of the droplet), p s is the saturated vapour pressure at a given temperature, ρ L and γ are the density and surface tension of liquid water respectively, ε 0 is the permittivity of vacuum, M is the molecular mass of water, n s is the concentration of soluble contaminants and R is the universal gas constant. The influence of soluble contaminants was considered within the limit of very low concentrations. The effective diffusion coefficient and the effective thermal conductivity of moist air account for gas kinetic effects which take place up to a distance from the droplet surface comparable to the mean free path of molecules of gases present in the air:
where ∆ C ≈ 1.3λ a , λ a is the mean free path of air molecules, ∆ T is the 'thermal jump' distance, D is the diffusion constant for water vapour in air, c w and q are specific heat capacity and latent heat of evaporation of water respectively, λ, ρ A , c P and M A are thermal conductivity, density, specific heat capacity under constant pressure and molecular mass of moist air respectively. Equations 2-3 must be supplemented with the Rayleigh condition [22] where E Q is the Coulomb energy of a charged droplet and E γ is the energy associated with the surface tension.
The evolution of the droplet is driven by the gradients of temperature and water vapour density near the droplet surface. Since the droplet injector nozzle remains at the temperature of the chamber, then the initial temperature of the droplet is the same: T a (0) = T R . It is clear that the initial vapour density is uniform across the chamber. A droplet of pure water is not in equilibrium with its surroundings for such conditions for S ≤ 1. The fastest molecules leave the liquid phase for the vapour and thus the evaporation starts at the cost of the droplet internal energy. However in a fraction of a second the evaporation reaches its nearly steady state. Neutral droplets evaporate completely. Charged droplets evaporate until Coulomb explosion occurs. For the droplets of a solution a stabilisation of the size is possible since the increase of concentration lowers the (equilibrium) vapour pressure over the surface of the solution.
The model presented above has been tested numerically for water (see figure 2) . The values of constants pertaining to water properties were taken from [2, 23, 24, 25, 26, 27] and the values of ∆ C = 10.4 × 10 m were taken from [2] . The influence of temperature dependence of λ, ρ L , D and γ as well as of those for c w , q and λ a upon the solution of the set 2-3 for 233 K< T R < 313 K was found to be below 0.5% and was considered negligible [23, 24, 25, 28] . The departure of droplet surface temperature from the temperature of the reservoir T a − T R was always well below 1 K.
Determination of α C and α T
It can be easily noted (see figure 2) , that for steady state evaporation, for the range of time t 1 < t < t 2 , T a (t) can be treated as a linear function of time. For this interval it can be assumed that all of the heat flowing into the droplet is used up for evaporation. Equation 3 can then be simplified considerably and presented in the following form:
where B and C are constants. From the experiment we obtained a(t) and were able to calculate aȧ(t). The quantities p atm and T R were also measured. For any 3 points in time between t 1 and t 2 it is possible to obtain a solvable equation set and find B, C and α T (by finding λ K ). By taking all triples with reasonable spacing between the points, that yielded A > 0, B > 0 and 0 < α T < 1, we obtained a statistical distribution of α T . We fitted it with a normal distribution and thus obtained a most probable value of α T and the distribution half-width which reflects statistical accuracy. By inserting α T into equation 7 we were able to find T a (t). For t 1 < t < t 2 the influence of the droplet charge and dissolved contaminants (at the concentration possible in our case) upon the solution of equations set 2-3 is negligible. On insertion of T a (t) and aȧ into equation 2 it is again possible to obtain for any 2 points between t 1 and t 2 a solvable equation set. By applying the procedure described above we found α C and S and estimated their accuracy. We again used only the solutions satisfying the conditions 0 ≤ S ≤ 1 and 0 < α T ≤ 1.
In order to verify our approach we inserted α C , α T and S back into the model for direct calculation of a(t) and T a (t). The results presented in figure 3 prove the self-consistency of our approach.
Results
We selected five data sets collected under thermodynamic conditions given in section 2.1. The regions of droplet radii for which we applied our method were: 10740 nm → 3740 nm, 9700 nm → 1790 nm, 7360 nm → 1800 nm, 7340 nm → 1500 nm and 7000 nm → 1000 nm. We obtained the value of α C = 0.12 ± 0.02 fivefold and an average value of α T = 0.65 ± 0.09. The relative humidity S found simultaneously with α C also varied from set to set in the range of (0.974 ÷ 0.983) ± 0.009. The evolution of the droplet is extremely sensitive (< 10 ) [29] . In figure 3 we also present the evolution of droplet temperature. Though experimentally obtained a(t) seems quite smooth, there still is some noise which manifests plainly inȧ(t), even after further smoothing (FFT filtering), and so is inherited by T a (t). However, it is worth noting that the fluctuations are at the level of several mK, which corresponds to ∼ 10 
Discussion
The presented values of mass and thermal accommodation coefficients are not direct experimental numbers but depend on the underlying model. There are a few issues that should be discussed.
(i) The process of evaporation can not be considered to be a steady state one all the time, and propagation of mass and heat waves should be taken into consideration. However, evaporation is non stationary for several milliseconds [2] and this phase has negligible impact on further stationary process. This briefly lasting non stationary phase was not accessible at all in our experiment.
(ii) In part of the model considerations we made another approximation of a similar kind. As we mentioned in section 3.2, we neglected the influence of the heat capacity of the droplet. We checked numerically that for t 1 < t < t 2 when the temperature of the droplet is nearly constant (see figure 2 ) such simplification is justified.
(iii) The matching of gas kinetic and diffusional regime is an essential part of the model. The similarity of mathematical formulas describing both regimes is utilised and the parameters ∆ C and ∆ T are introduced to describe the points at which the exact matching takes place. However it is obvious that physically they are rather regions than points. And indeed, we checked numerically that changing just ∆ T by a factor of up to 4 or ∆ C by a factor of up to 40 has a negligible effect upon the evolution of a(t) or T (t).
(iv) There are many constants (taken from the literature) and parameters of the model which are known with finite accuracy. This certainly might influence the accuracy of finding α C and α T . However, we found that the accuracy of determining droplet radius has, mainly through the action of derivative, a much greater impact upon the accuracy of α C and α T than any other constant or parameter. The accuracy with which the temperature and pressure of droplet surroundings are measured has a negligible impact upon the accuracy of α C and α T but weights upon S. Apart from that, the direct fitting of the model to the experimental data seems to suggest that the accuracy of temperature measurements is better (±0.2 K) than guaranteed by the thermocouple manufacturer.
Conclusion
We have presented a method of simultaneous determination of α C and α T . It is based on the analysis of the dynamics of the evolution of radius of the evaporating droplet.
The method was applied to a few sets of experimental data and yielded values consistent with other authors' results [6, 7, 8, 11, 12] . We were also able to find the evolution of the droplet temperature and the relative humidity of the droplet surroundings with a very high precision. We intend to extend our investigations to lower pressures and cover a wider range of temperatures. In this way we shall be able to study the temperature dependence of α C and α T also for longer mean free paths of air constituting molecules when the kinetic effects prevail. We intend to use nitrogen and CO 2 atmospheres as well in order to investigate the role of contaminants in the water arising from the standard atmosphere.
